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bstract
The high-pressure compression behaviour of the nanomaterials 3C-SiC, Zr0.1Ti0.9O2, CuO, AlN, TiO2 (anatase), TiO2 (rutile),
-Fe2O3, -Fe2O3, -Fe and Rb3C60 was studied in two theoretical equation of state (EOS) models. In the first model, we considered
he pressure to be quadratic in terms of relative volume change, while in the second model pressure was considered to be quadratic in
ensity. The experimental data show that the second model gives better results. The two models were also studied for their suitability
n cases of very high compression.
 2013 Taibah University. Production and hosting by Elsevier B.V. All rights reserved.
ACS: 64.10.+h; 62.20.−x; 62.20.de
ulus; Peywords: Equation of state; High pressure; Nanomaterial; Bulk mod
.  Introduction
Nanomaterials are undergoing rapid development
ecause of their potential applications in areas such
s electronics, catalysis, ceramics, magnetic data
torage and structural components. Studies of the com-
ressibility and pressure-induced phase transitions of
anocrystalline materials could improve our under-
tanding of the stable state of materials down to
he nanometre scale. Most research on high-pressure∗ Corresponding author. Tel.: +91 7895563339.
E-mail address: kuldeep phy1@rediffmail.com (K. Kholiya).
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nanocrystalline materials has been conducted on semi-
conductors, although work on insulators and metals
was reported recently. The effects of applying high
pressure to nanomaterials include transformation of
nano-constitutive elements, transformation of the inter-
actions between nano objects and modification of
interactions between nano objects and the pressure-
transmitting medium.
Liu et al. [1] synthesized nanocrystalline 3C-
SiC (30 nm) by laser-induced vapour-phase reactions
and performed an energy dispersive X-ray diffraction
experiment at room temperature, with silicon oil as
the pressure-transmitting medium to obtain a quasi-
hydrostatic condition. They observed a decrease in the
Born transverse effective charge of these nanocrystals
with increasing pressure, in contrast to its bulk counter-
part. Holbig et al. [2] studied the compression behaviour
of Zr-doped nanoanatase Zr0.1Ti0.9O2 synthesized by the
sol gel method in a diamond anvil cell and found no evi-
dence of phase transition up to a pressure of 13 GPa.
Wang et al. [3] studied the EOS of nanocrystalline
ibah Un
V0 2 V0
This is the Shanker equation of state and may also be
derived by the Gruneisen theory of thermal expansion
Table 1
Input parameters used to study compression behaviour in EOS models.
Material B0 (GPa) B′0 References
3C-SiC 245 2.9 [1]
Zr0.1Ti0.9O2 213 17.9 [2]
CuO 81 4 [3]
AlN 321 4 [4]
TiO2 (anatase) 243 4 [6]
TiO2 (rutile) 211 8 [7]
-Fe2O3 336 4 [8]138 K. Kholiya, J. Chandra / Journal of Ta
CuO (24 nm) by high-energy synchrotron radiation and
Raman spectroscopy, and Wang et al. [4] studied AlN
nanocrystals under hydrostatic conditions up to a pres-
sure of 36.9 GPa with an energy-dispersive synchrotron
radiation technique in a diamond anvil cell. Shen et al. [5]
investigated the structural transition of AlN nanowires
by in situ angle dispersive high-pressure X-ray diffrac-
tion with a synchrotron radiation source and found
pressure-induced wurtzite-to-rocksalt phase transition
at 45.4 GPa. Swamy et al. [6] reported a synchrotron
X-ray diffraction study of pressure-induced changes in
nanocrystalline anatase TiO2 (with a crystallite size of
30–40 nm) to 35 GPa and found that the bulk modulus
value for nanocrystalline anatase is about 35% greater
than that of the macrocrystalline material. Olsen et al. [7]
studied the high-pressure behaviour of nanocrystalline
rutile TiO2 at ambient temperature by X-ray diffraction
and found that it is transformed to the monoclinic badde-
leyite structure at 20–30 GPa. Clark et al. [8] observed a
pressure-induced structural phase transition of -Fe2O3
(maghemite) to -Fe2O3 (haematite) in nanocrystals,
analogous to the findings of Zhao et al. [9]. Chen et al.
[10] used X-ray diffraction measurement of nanocrys-
talline -Fe up to 46 GPa to determine the value of the
bulk modulus and its pressure derivative by analysing
lattice parameter data. The compression behaviour of
Rb3C60 was first measured by X-ray diffraction under
hydrostatic pressure up to 2.8 GPa in a diamond anvil
cell at 300 K by Zhou et al. [11] and by Ludwig et al.
[12] up to 6 GPa by a similar technique. Examination of
previous EOS studies on Rb3C60 with a diamond anvil
cell showed that the technique has limited accuracy in the
pressure range up to 1.5 GPa [13]. Diederichs et al. [14]
performed neutron diffraction studies of the compress-
ibility of this material and found that it was transformed
to the nanoclinic baddeleyite structure at 20–30 GPa,
which is higher than the corresponding pressure range
for the bulk material.
Although experimental studies have been performed
to determine the high-pressure behaviour of nanomate-
rials, theoretical work is lacking. We therefore present a
simple theoretical method for studying the high-pressure
behaviour of nanomaterials. The study, based on EOS at
high pressure, permits interpolation and extrapolation to
the regions for which adequate experimental data are
not available and hence may be helpful for planning
high-pressure experiments.2.  Method
Sharma and Kumar [15] published an equation for
determining the effect of pressure on nanomaterials, iniversity for Science 8 (2014) 137–141
which pressure, P, is a function of the relative change in
volume (1 − V/V0):
P  =  A0 +  A1
(
1 − V
V0
)
+  A2
(
1 − V
V0
)2
(1)
Kholiya [17] showed that a good approximation of
expanding pressure on nanomaterials in powers of den-
sity up to the quadratic term is provided by:
P  =  A0 +  A1
(
V
V0
)−1
+ A2
(
V
V0
)−2
, (2)
where V/V0 =  ρ0/ρ, and V0, ρ0 are the zero pressure val-
ues of volume V  and density ρ, respectively, and A0, A1
and A2 are constants at a particular temperature. Consid-
eration of other higher-order terms of density or relative
volume change involves second- and other higher-order
pressure derivatives of the bulk modulus in the EOS,
which are generally not available in the literature, espe-
cially for nanomaterials. The constants A0, A1 and A2
can be determined from the following initial boundary
conditions:
(i) BT = −V(dP/dV) and at P  = 0, V  = V0, BT = B0
(ii) B′T =  dBT /dP  and at P  = 0, V = V0, B′T =  B′0
(iii) At P  = 0, V = V0, and the right-hand side in all these
equations must be zero.
Applying these conditions in Eq. (1) we have:
A0 =  0,  A1 =  B0 and A2 = B0(B
′
0 +  1)
2
Substituting these values, Eq. (1) becomes:
P  =  B0
[(
1 − V
)
+
(
B′0 +  1
)  (
1 − V
)2]
(3)-Fe2O3 374 4 [9]
-Fe 179 3.6 [10]
Rb3C60 17.35 3.9 [11]
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Fig. 2. Compression behaviour of Zr0.1Ti0.9O2.
Experimental points are from Ref. [2].
often subject to pressure calibration errors; however,
the small difference between the values calculated from
Kumar’s equation and from Kholiya’s equation are dueFig. 1. Compression behaviour of 3C-SiC.
xperimental points are from Ref. [1].
16]. Thus, the Sharma and Kumar formulation repro-
uces the Shanker EOS.
Applying boundary conditions in Eq. (2), we get:
0 = B0(B
′
0 −  3)
2
,  A1 =  −B0(B′0 −  2)
and A2 = B0(B
′
0 −  1)
2
By substituting these values, Eq. (2) becomes:
 = B0
2
[
(B′0 −  3) −  2(B′0 −  2)
(
V
V0
)−1
+(B′0 −  1)
(
V
V0
)−2]
(4)
Kholiya [17] showed that Eq. (4) satisfactorily
xplains the high-pressure elastic behaviour of carbon
anotubes and gives results similar to those of the
avis–Gordon EOS [18].
In the present study, we compared Eq. (4) with that
f Sharma and Kumar (Shanker EOS) for a number of
anomaterials previously studied by those authors [15].
.  Results  and  discussion
The input parameters B0 and B′0 used to study the
ompression behaviour in EOS models are listed in
able 1. The pressures for different compressions with
hese input parameters were calculated from Eqs. (3) and
4) for the nanomaterials 3C-SiC, Zr0.1Ti0.9O2, CuO,
lN, TiO2 (anatase), TiO2 (rutile), -Fe2O3, -Fe2O3,
-Fe and Rb3C60. The results obtained are shown in
igs. 1–10, with the experimental data for comparison.
he values calculated from Eq. (4) can be seen to be
loser to the experimental values than those from Eq. (3),Fig. 3. Compression behaviour of CuO.
Experimental points are from Ref. [3].
and the experimental data show only small differences
from the calculated values for the nanomaterials studied.
Kumar’s equation also gives results within experimen-
tal uncertainty, as laboratory-measured P–V  data areFig. 4. Compression behaviour of AlN.
Experimental points are from Ref. [4].
140 K. Kholiya, J. Chandra / Journal of Taibah University for Science 8 (2014) 137–141
Fig. 5. Compression behaviour of TiO2 (anatase).
Experimental points are from Ref. [6].
Fig. 8. Compression behaviour of -Fe2O3.
Experimental points are from Ref. [9].Fig. 6. Compression behaviour of TiO2 (rutile).
Experimental points are from Ref. [7].
to the fact that experimental data were available only
up to low levels of compression, and the difference
becomes large as compression increases, e.g. for 3C-
SiC at (V/V0) =  0.6, the pressure is 174.44 GPa with
Kumar’s and 266.78 GPa with Kholiya’s equation. To
extrapolate data for the region in which experimental
data are not available, we require a model that is also
valid in the high-pressure range. In Kumar’s equation,
(V/V0) becomes zero at pressure B0[1 +  ((B′0 +  1)/2)],
Fig. 7. Compression behaviour of -Fe2O3.
Experimental points are from Ref. [8].Fig. 9. Compression behaviour of -Fe.
Experimental points are from Ref. [10].
i.e. finite pressure, while in our equation (V/V0) becomes
zero at infinite pressure. Thus, our equation gives valid
results in the high-pressure range and can be used to
extrapolate data to a high-pressure regime. Furthermore,
Kumar’s equation does not take into account the basic
law of thermodynamics of solids, that the bulk modu-
lus should approach infinity as (V/V0) becomes zero.
If the bulk modulus is given by B  =  −V  (dP/dV  ), the
Fig. 10. Compression behaviour of Rb3C60.
Experimental points are from Ref. [11].
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[17] K. Kholiya, High pressure isothermal equation of state for nano-K. Kholiya, J. Chandra / Journal of Ta
xpression for the bulk modulus from Eqs. (3) and (4)
ecomes:
 =  B0
(
V
V0
)[
1 +  (B′0 +  1)
{
1 − V
V0
}]
(5)
 =  B0(B′0 −  2)
(
V
V0
)−1 [(
B′0 −  1
B′0 −  2
)(
V
V0
)−1
−  1
]
(6)
Eq. (5) indicates that with Kumar’s formulation
Shanker EOS), the bulk modulus becomes zero when
V/V0) approaches zero, while the basic law of ther-
odynamics indicates that the bulk modulus should
pproach infinity as (V/V0) becomes zero. In Eq. (6),
ubstitution of (V/V0) by zero makes the bulk modulus
nfinity. Hence, our equation, developed by extending
ressure in powers of density up to the quadratic term,
atisfies the basic laws of the thermodynamics of solids.
.  Conclusions
Our equation, developed by extending pressure in
owers of density up to the quadratic term, might
e useful for studying the high-pressure compression
ehaviour of solids and especially nanomaterials, for
hich it gives results close to experimental data. The
ajor advantage of this equation is that it follows the
asic laws of thermodynamic with regard to relations at
igh pressure and hence permits extrapolation to regions
or which experimental data are not available. The equa-
ion may therefore be helpful for planning high-pressure
xperiments on the compression behaviour of nanoma-
erials.
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